Unambiguous probe of parity-mixing of Cooper pairs in noncentrosymmetric 

superconductors 
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We propose an experimental scheme to detect unambiguously parity-mixing of Cooper pairs in 
noncentrosymmetric superconductors, which utilizes crossed Andreev reflection processes between 
two oppositely spin-polarized normal metal leads and a noncentrosymmetric superconductor. It is 
demonstrated that a non-local conductance exhibits a clear signature of parity breaking of Cooper 
pairs, and thus, can be a direct probe for the parity-mixing. 

PACS numbers: 



In noncentrosymmetric superconductors (NCSs), 
which lack inversion symmetry in their crystal struc- 
ture, antisymmetric spin-orbit (SO) interactions 
give rise to various exotic effects on superconducting 
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In particular, pairing states can not be classified accord- 
ing to parity, but, instead, the admixture of spin-singlet 
pairing and spin-triplet pairing generally occursi^ i^°'^^i^^ 
This most striking effect, however, unfortunately, has 
not been detected so far by experimental studies. The 
difhculty of detecting parity-mixing of Cooper pairs is 
partly due to the fact that conventional experimental 
approaches, which are utilized for the determination of 
parity of Cooper pairs in centrosymmetric superconduc- 
tors, such as NMR Knight shift measurements, do not 
provide any useful information concerning parity-mixing. 
That is, in centrosymmetric superconductors, the change 
of the Knight shift below the transition temperature 
Tc tells us whether the pairing state is spin-singlet or 
spin-triplet. By contrast, in NCS, if the SO interaction 
is much larger than the energy scale of the supercon- 
ducting gap, the behavior of the Knight shift below Tc is 
mainly governed by the strong SO interaction, and does 
not yield any information on pairing states . ^^'^^i^^'^^i'^^ 
Thus, a novel experimental approach is required for 
the detection of parity-mixing of Cooper pairs. There 
have been several proposals for this aim, which use, for 
instance, tunneling characteristicSf22i2i:l§.ul£ accidental 
gap-node structures^^ and a fractional vortex scenario^^ 
etc. 

In this paper, we propose another method to probe 
parity-mixing of Cooper pairs in an unambiguous way. 
In this scheme, we utilize crossed Andreev reflection 
(CARE) between two ferromagnetic normal metal leads 
and a NCS. CARE is a non-local reflection process; an 
electron injected from one lead to a superconductor is 
converted to a hole in another lead, when the distance 
between two leads is smaller than the coherence length 
^^ 39,40,41,42,43^44 rj,^ illustrate the basic idea, we consider 
a setup consisting of two oppositely spin-polarized leads 
and a NCS with the Rashba SO interaction'*^ Hso — 
aC{k) ■ a with Cik) — {ky,—kx,0), and a the SO 
coupling constant, cr = {cx, cry, <7z) the Pauli matrices 
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FIG. 1: Setup for crossed Andreev reflection between a NCS 
and two spatially-separated normal metal (NM) leads with 
opposite spin polarization and bias voltages Vi and V2, re- 
spectively. Short arrows represent the directions of electron 
spins. In the NCS side, the circular Fermi surface split by the 
Rashba SO interaction is depicted. Cooper pairs are formed 
within the same band. Black (gray) long arrows in the leads 
represent the flow of injected electrons and reflected holes for 
the process A (B). 



(FIG.l). In the NCS, the SO interaction splits the elec- 
tron band into two parts, ek± = efc±a|fc|, each of which is 
the eigen state of spin chirality. We assume that the SO 
split is sufficiently larger than the superconducting gap, 
and that there are only intra-band Cooper pairs formed 
between electrons in the same band. For instance, in 
the Ek- band, an electron with momentum k and spin 
1 and an electron with momentum —k and spin J, form 
a Cooper pairing state \k '\) \ — k J,), while in the £k+ 
band, an electron with momentum k and spin | and an 
electron with momentum —k and spin | form a Cooper 
pairing state \k i)| — fc t)- Here, we have chosen the spin 
quantization axis parallel to C{k) ~ (ky, ~kx,0). When 
the density of states in each band is different from each 
other, the superposition between these two pairing state 
is impossible. Then, the pairing state in each band is 
the admixture of a spin-singlet state and a spin-triplet 
state; e.g. \k t)| - fc i) = ^(|fc T)l - fc i) - |fc i) I - fc T 
)) + i(|fc T)l - fc i) + |fc i)l - fc T))'^^^'^^ The super- 
conducting gap of the parity-mixed pairing state is gener- 
ally given by A^a'ik) = As{k)i{ay)aa' +d{k) ■ {(Tiay)aa'- 
We assume that the d-vector of the triplet pairing is 



2 



constrained by the Rashba SO interaction; i.e. d{k) = 
d(fc)|(sin0fe, — cos(/)fe, 0) with 0^. — tan~^{ky/krc)X^i^ 
Then, the superconducting gaps on the efc+-band and the 
efc_-band are, respectively, A+(A;) = [As{k) + \d{k)\]ti; 
and A_(fc) = [As(fc) — \d{k)\]tl, where tk is an odd- 
parity phase factor given by tk = ie^"^''. Actually, 
the structure of the d-vector is determined not only by 
the SO interaction, but also by the detail of the pair- 
ing interactioui^^i^ The generalization of our argument 
to the case with more complex structure of d-vector is 
straightforward. In the following, for simplicity, we focus 
on one-dimensional (ID) scattering problem where cur- 
rents flow only along the a;-axis which is perpendicular to 
the interface between the leads and the NCS (see FIG.l). 
A qualitative feature which is important for the detection 
of parity-mixing is not largely affected by this simplifica- 
tion. In fact, the degrees of freedom along the z-axis are 
irrelevant for our argument. Effects of titling alignment 
of the leads on the xy-plane will be discussed later. In 
this setup, we assume that two leads are oppositely spin- 
polarized with the spin-quantization axis parallel to the 
y-axis. 

An important observation here is that the parity- 
broken structure of the Cooper pair \k |)| — /c |} (or 
\k i) \ ^ k I)) is directly related to the parity-mixing, as 
explained above. The parity breaking of Cooper pairs 
can be detected by CARE as asymmetric reflection pro- 
cesses; a process in which an injected electron with spin 
"f in the lead 1 is converted to a hole with spin | in the 
lead 2 is not equivalent to a process in which an injected 
electron with spin I in the lead 2 is converted to a hole 
with spin | in the lead 1 because of broken inversion sym- 
metry of the NCS. In the former process (denoted as the 
process A) , the Andreev-reflected hole is associated with 
the superconducting gap A_, while, in the latter process 
(denoted as the process B), the relevant superconducting 
gap is A+. As mentioned above, in the parity-mixed pair- 
ing state, the amplitudes of these two gaps are different, 
which can be clearly observed as a characteristic bias- 
voltage-dependence of the non-local conductance. Thus, 
the parity-mixing of Cooper pairs can be detected di- 
rectly without ambiguity. 

The non-local conductance, which characterizes the 
CARE, is given by Gi2(Fi) = dh/dVi and 021(^2) = 
dIi/dV2, where /i(2) and Vi(2) are, respectively, a cur- 
rent and a bias voltage in the lead 1 (2). The non-local 
conductance is expressed in terms of the reflection proba- 
bilities Afj for the process that an injected electron with 
spin (T in the lead i is converted to a hole with spin —a 
in the lead j; i.e. when the electron spin in each lead is 
fully polarized, 

GuiVi) = GnAI^/2, G2i{V2) = Gjv4i/2. (1) 

Here Gat is the conductance in the normal state. To ob- 
tain the probabilities, we solve the Bogoliubov-de Gennes 
(BdG) equation for the CARE. In the representation 
where ay is diagonal, the Hamiltonian is decoupled into 
two parts H+ and H- , each of which corresponds to the 



pairing state in one of two SO split bands. The BdG 
equation for the ID scattering problem depicted in FIG.l 
is 



e{k) 



i'akx+V{x) ~ii'/S.u{k) 
■'At.ik) -e{k) - vak^ -V{x) 



(2) 



,(3) 



with ly = ±. Here e{k) — — 2m^^ ~ 1^ with ^ a chem- 
ical potential, and kx = —idx- The gap functions are 
A±(fc) = As(fc) ± |d(A;)|. We assume that a barrier at 
the interface between the lead 1 (2) and the NCS is given 
by a Dirac-type potential, V{x) = ^Zn2)^{^)- Here Zi 
and Z2 are dimensionless parameters for the strength of 
the barrier potentials, and fc^? is defined by kp/2m — fi: 
i.e. the Fermi momentum in the case without the SO 
split. To simplify the analysis, we consider the case of 
an s -l-p wave pairing state, and neglect /c-dependence of 
A-I-. The following argument can be easily extended to 
the case with more general pairing states such as a d -I- / 
wave state, a g+h wave state etc. After a straightforward 
calculatioujii we obtain the probability Af^ , 



(4) 



with 



and = 1 — vma/kp. Here, for E < A,, 



4ii;2|7,(i^)|2 = {s,E - (Zi - Z2)^Al-E^f 
+ i^Al-E^is, + 2Z1Z2) + sAZi - Z2)Ef, 



(5) 



and for E > A^, 



AE^\j,{E)\^ = {s,E + {s, + 2ZiZ2)/b2 
+ {Zi - Z2)'{s,E + ^E^~Alf. 



(6) 



The probabihty A[2{E), is given by Eq.Q with u = +. 
One can obtain the probability A21 by interchanging Zi 
and Z2 in the expression of Al2- In the derivation of 
A'lj , we have used the approximation that the Fermi mo- 
mentum for ek± is kp± k, kp ^ ma, which is valid when 
the SO split is much smaller than the Fermi energy. In 
fact, within this approximation, the shift of the Fermi 
momentum due to the SO split does not change quali- 
tatively the feature of the non-local conductance that is 
important for the detection of parity-mixing of Cooper 
pairs, as will be shown below. 

We, first, consider the case that the leads 1, 2 are fully 
spin-polarized in the opposite directions, and the non- 
local conductance is given by (H]). Although the spin po- 
larization in the leads induces exchange fields in the NCS 
region which may affect the amplitude of the supercon- 
ducting gap in a nontrivial way, we neglect this effect be- 
cause it may not change our argument qualitatively. Be- 
cause of the parity-broken structure of Cooper pairs men- 
tioned above, Gi2(eT^) and G2i{eV) exhibit asymmetric 
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behaviors as functions of V even when Zi = Z2; i.e. for 
Gi2{eV) a peak structure appears at eV — A_, while for 
G2i{eV) it appears at eV2 = A+. When there is the ad- 
mixture of spin-singlet pairing and spin-triplet pairing, 
A+ ^ A_ holds. Thus, the parity-mixing can be de- 
tected unambiguously from the measurement of the non- 
local conductance. Also, we can derive the BCS gap mag- 
nitudes for the spin-singlet pairs and spin-triplet pairs 
from As = (A+ + A_)/2, and \d{k)\ = (A+ - A_)/2. 
Typical behaviors of the non-local conductance as func- 
tions of bias voltages are shown in FIG. 2(a). It is noted 
that even in the case of Zi Z2, the origin of this asym- 
metric behavior of G12 and G21 can be clearly attributed 
to the result of parity-mixing, since the most important 
factor which yields the asymmetric behavior of the non- 
local conductance is the existence of two gaps A+ and 
A_ associated with, respectively, opposite spin chirality 
of the two SO split Fermi surfaces. We emphasize that 
the two different gap structure which appears in G12 and 
G21 shown in FIG. 2(a) is obviously different from con- 
ventional multi-gap behaviors of centrosymmetric super- 
conductors with multi-bands. From this point of view, 
the CARE experiment is more advantageous than the 
conventional Andreev reflection experiment^i2ii^i2& as 
a probe for parity-mixing, though its realization is still 
challenging with current nanotechnology. In the above 
argument, a crucial assumption for the gap function is 
that there are no inter-band Cooper pairs, or, if they 
exist, the gap amplitude for the inter-band pairs is neg- 
ligibly small. This assumption is valid as long as the SO 
split of the Fermi surface is sufhciently smaller than the 
Fermi energy. 

An apparent drawback of the above scheme is that 
in the setup shown in FIG.l, one needs to know before- 
hand the spin structure on the Fermi surfaces of the NCS 
determined by the SO interaction to align the direction 
of the spin polarization in two leads properly. Gener- 
ally, this task is not so easy, because the structure of the 
SO interaction for real NCSs is a quite complicated func- 
tion of momentum fc , 48, 49, 50 the purpose of extending 
our scenario to such realistic cases with the non-Rashba 
SO interactions, we consider a setup a bit different from 
that depicted in FIG.l; in two normal metal leads, there 
is no spontaneous magnetization, but, instead, spin po- 
larization is induced by an external weak magnetic field 
H which is smaller than Hd- We neglect effects of the 
magnetic field on the NCS, since it does not change our 
argument qualitatively. A main effect of a sufficiently 
small magnetic field on the Andreev reflection processes 
is to raise an imbalance of spin population in two normal 
metal leads. Suppose the Rashba SO interaction for a 
while. We will discuss more general cases later. Then, 
when the magnetic field is parallel to the positive direc- 
tion of the y-axis, the non-local conductance Gf^^° is 
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FIG. 2: (a) Typical behaviors of the non-local conductance 
as functions of a bias voltage eV. Gi2{eV) (solid line) and 
G2i(el/) (broken line) for A_ = 1.0 (energy unit), A+ = 2.0, 
Zi = 0.3, Z2 = 0.4, ma/kp — 0.1. Unit of the conductance is 
Gn/2. (b) (Gg^" - Gg<°)/(1 - Go) as a function of a bias 
voltage for the same parameters as (a). 



Irons with up (down) spin in the lead 1, and A12 in 
Eq.© is the reflection probability in the case without a 
magnetic field. In the derivation of (O, we have taken 
into account the Zeeman effect up to the lowest order in 
jj,BH/fi, but neglected the change of the Fermi momen- 
tum due to the Zeeman shift in the leads. Thus, the sup- 
pression of the Andreev reflection due to the spin polar- 
ization is not included in Eq.([7]) up to 0{^jlbH/ ^jl). This 
approximation does not affect an important feature of the 
non-local conductance relevant to the detection of parity- 
mixing for a sufficiently small H , as will be clarified later. 
In a similar way, the non-local conductance in the case 
with a magnetic field parallel to the negative direction 
of the j/-axis is obtained as G^^^^/Gat = GqAJj + ^12- 
From the difference between the conductance for 77 > 



where Go = Ni/N-^ with A^kx) the total number of elec- 



and that for i? < 0, Gfa^'^-Gfa^" = {l-Co){Al2- A^^), 
we can clearly see whether the parity of Cooper pairs is 
broken (AJ2 7^ ^12) or not (AJj — ^12)- We show a typ- 
ical behavior of (Gf|>° - Gf2<°)/(1 - Go) as a function 
of a bias voltage in FIG. 2(b). This quantity exhibits dis- 
tinct peak structures at eV = A-|_ and A_ as a signature 
of the parity-mixing, and thus, can be a useful probe for 
the admixture of spin-singiet pairs and spin-triplet pairs. 
It is noted that the peak height at eV — A-t is not af- 
fected by the Zeeman shift of the Fermi momentum in 
the NM leads up to the first order in ^bH/h, since, up 
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to this order, the magnetic field H enters into the expres- 
sion of A1- in the form of {fj.BH/fi)^\A'^^ ~ E'^\. Thus, 

the approximation used in the derivation of Eq.([7|) and 
the equation for Cf^^" is vahd for our purpose. This 
scheme which uses field-induced spin polarization in the 
leads can be utilized for the detection of parity-mixing in 
the general case that the structure of the antisymmetric 
SO interaction, -ffso = aC{k) ■ cr, is unknown. Even in 
this case, when a magnetic field is applied, one can ob- 
serve the asymmetry between the non-local conductance 
for a magnetic field with a certain direction, G;[^^", and 
the non-local conductance for a field anti-parallel to it, 
G^^", quite generally except in the case with H _L C{k). 
Thus, it is not difficult to find a direction of the magnetic 
field for which the asymmetric behavior of the non-local 
conductance is observed, and the conductance difference 
G^^*^ — G^^° is nonzero. Then, one can detect parity- 
mixing of Cooper pairs. 

Finally, we comment on effects of inversion symme- 
try breaking caused by the interface between the NCS 
and the NM leads. Generally, inversion symmetry is 
broken at a surface. However, this extrinsic inversion 
symmetry breaking does not affect our proposal be- 



cause of the following reason. For the (lOO)-interface 
depicted in FIG.l, the SO interaction due to the in- 
terface is typically the Rashba-type with the Hamilto- 
nian, H' = a'{kz(Ty — kyUz)- On the other hand, CARE 
processes for this geometry are dominated by electrons 
and holes with momentum parallel to the x-axis, i.e. 
ky = kz = 0. Thus, effects of the extrinsic Rashba inter- 
action on the CARE are negligible. 

During the preparation of this manuscript, we have 
become aware of the paper by Wu and Samokhin 
(arXiv:0904.2397), in which the conductance for conven- 
tional Andreev reflection between a ferromagnetic metal 
and a NCS is calculated in a thorough way. It is im- 
portant to generalize the current study to more realistic 
situations as considered by Wu and Samokhin for quan- 
titative comparison between theory and experiments. 

In summary, it is proposed that a crossed Andreev re- 
flection experiment can be utilized as an unambiguous 
probe for parity-mixing of Cooper pairs in NCSs. 

This work is supported by the Grant-in- Aids for Scien- 
tiflc Research from MEXT of Japan (Grant No. 18540347, 
Grant No. 19052003). 
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